Short interfering RNA (siRNA) targeting angiogenic factors and further inhibiting tumor angiogenesis, is one of the potent antitumor candidates for lung cancer treatment. However, this strategy must be combined with other therapeutics like chemotherapy. In this study, we designed a 5′-triphosphate siRNA targeting VEGF (ppp-VEGF), and showed that ppp-VEGF exerted three distinct antitumor effects: i) inhibition of tumor angiogenesis by silencing VEGF, ii) induction of innate immune responses by activating RIG-I signaling pathway, and thus activate antitumor immunity, iii) induction of apoptosis. In a subcutaneous model of murine lung cancer, ppp-VEGF displayed a potent antitumor effect. Our results provide a multifunctional antitumor molecule that may overcome the shortages of traditional antiangiogenic agents.
INTRODUCTION
Lung cancer is the leading cause of cancer-related mortality in human, and non-small cell lung cancer (NSCLC) accounts for approximately 80% of all lung cancers [1] . Special network of angiogenesis, escape from immune destruction and resistance to cell death have been considered as hallmarks of cancer [2] . The concept of antiangiogenic therapy for cancer began with Folkman's balance hypothesis for the "angiogenic switch". The prevailing evidence suggested that changes in the relative balance of inducers and inhibitors of angiogenesis can activate the "switch" [3] . In tumor tissue, the overexpressed angiogenic inducers trigger the "switch", and promote formation of angiogenic network. Anti-angiogenic therapy targeting angiogenic network causes the insufficient regional blood supply of cancer, and eventually inhibits tumor growth.
Much attention has been focused on the vascular endothelial growth factor (VEGF) family and receptor tyrosin kinases that mediate pro-angiogenic effects [4] . The VEGF family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor. The major mediator of tumor angiogenesis is VEGF-A, also referred to VEGF. VEGF has been shown to correlate with the invasion and metastasis of different types of cancer [5] [6] . Meanwhile, VEGF in tumor microenvironment recruits endothelial progenitor cells to the tumor region and promotes angiogenesis of cancer [7] . Targeting VEGF combined with conventional chemotherapy has been investigated in advanced NSCLC patients and achieved an increased progression free survival in the firstline treatment [8] [9] . However, VEGF inhibitors (such as bevacizumab) that can cause anti-angiogenesis should be used in combination with other therapies like chemotherapy instead of being used alone in cancer therapy [10] .
Insufficient antitumor immunity is a critical hurdle for efficient cancer therapy. Provoking antitumor immune responses in patients holds promising for cancer therapy. It has been demonstrated that RNA with a triphosphate group at the 5′ end (ppp-RNA) is a specific ligand of retinoicinducible gene I (RIG-I), a cytosolic pattern recognition receptor [11] . RIG-I has a DExD/H-box RNA helicase domain, a C-terminal domain (CTD), and a N-terminal caspase recruitment domain (CARD). Upon the recognition of viral ppp-RNA by CTD, ATP-dependent conformational www.impactjournals.com/oncotarget change allows CARDs to interact with a downstream adaptor molecule [12] . RIG-I signaling pathway mediates innate immune responses characterized by the production of type I IFN [13] [14] . Several preclinical studies have further confirmed that ppp-siRNA can robustly elicit type I IFNmediated antitumor immune responses [15] [16] [17] .
Moreover, ppp-RNAs have also been shown to trigger proapoptotic signaling predominantly in tumor cells, while nonmalignant cells are protected from proapoptotic signaling via Bcl-x L [18] . A more recent study shows that RIG-I-like helicase also triggers immunogenic cell death in pancreatic cancer cells [16] . These results suggest that ppp-RNA can also be used to overcome cell death resistance.
Short interfering RNAs (siRNAs) can be designed to target mRNA encoding key regulators for tumor survival with high specificity [19] . SiRNA directed against VEGF and kinesin spindle protein (KSP) has been shown both cleavage activity of mRNA and antitumor activity in phase I clinical trial [20] . However, due to the limitation of VEGF-siRNA with sole silencing function, we postulate that ppp-RNA orchestrating RIG-I activation to VEGF-siRNA (ppp-VEGF), should be a good solution and a novel strategy for cancer therapy. In this study, we designed a multifunctional ppp-VEGF and investigated its potential antitumor activities, i.e., inhibition of tumor neovascularization, immune activation and proapoptotic efficacy in NSCLCs.
RESULTS

ppp-VEGF efficiently silences VEGF expression in NSCLC cells
To combine RIG-I activation with RNAi-mediated silencing of VEGF in one RNA molecule, we designed a siRNA targeting both human and murine VEGF, and generated a 5′-triphosphate-VEGF-specific siRNA (ppp-VEGF) by in vitro transcription using a DNA template with the same sequence containing the T7 RNA polymerase promoter sequence [11] . Then we tested the gene silencing efficiency in various lung cancer cell lines. As shown in Figure 1 , ppp-VEGF efficiently silenced VEGF expression on mRNA level ( Figure 1A ) and reduced the protein production ( Figure 1B & 1C) . Thus, ppp-VEGF possesses the specific gene silencing function similar as the conventional siRNA targeting VEGF (OH-VEGF).
ppp-VEGF inhibits angiogenesis in tumorbearing mice, impairs tubule-like structure formation, and decreases migration of endothelial cells in vitro
Having shown the specific VEGF inhibitory effect of ppp-VEGF in cancer cells, we next evaluated the antiangiogenic efficacy of ppp-VEGF in C57BL/6 mice bearing subcutaneous lung cancers. By intratumoral injection, ppp-VEGF showed potent angiogenic inhibitory efficacy (Figure 2A) . Furthermore, we wanted to know if ppp-VEGF had direct influence on non-malignant endothelial cells, which play crucial roles in tumor neovascularization. Indeed, using in vitro tubule formation assay, we found that ppp-VEGF treated endothelial cells failed to form intact tubules, as evidenced by the reduced tubule length and branching points ( Figure 2B ). In line, the scratch wound migration assay demonstrated that ppp-VEGF decreased the migration of endothelial cells ( Figure 2C ). These results confirm that ppp-VEGF efficiently inhibits angiogenesis.
ppp-VEGF activates RIG-I signaling and induces type I IFN responses in vitro
As we have shown in previous study that ppp-RNA induces antitumor immunity [16] , we sought to confirm if ppp-VEGF could also activate RIG-I signaling in NSCLCs. After ppp-VEGF treatment, mRNA expression of type I interferon beta (IFN-β), and its downstream target IP-10, was robustly increased in lung cancer cells ( Figure 3A) . Accordingly, secretion of IFN-β and IP-10 was also massively increased in ppp-VEGF treated cancer cells ( Figure 3B ). Moreover, we confirmed that ppp-RNA induced innate immune response was mediated by RIG-I/ mitochondrial associated viral sensor (MAVS) signaling pathway, as both RIG-I and MAVS were upregulated upon ppp-RNA treatment ( Figure 3C ), while the up-regulation of IFN-β and IP-10 induced by ppp-VEGF was significantly blocked in cells with RIG-I or MAVS silencing ( Figure 3D ). Finally, we found that ppp-VEGF markedly up-regulated the expression of major histocompatibility complex class I (MHC-I) on cancer cells ( Figure 3E ), which may render tumor cells more susceptible to immune attack. Together, these results suggest that ppp-VEGF efficiently induces innate immune responses via activation of RIG-I signaling pathway, and thus may enhance antitumor immunity.
ppp-VEGF induces apoptosis in NSCLC cells
As we and others have shown before that ppp-RNA induces apoptosis in cancer cells [16, 18] , we then further investigated whether ppp-VEGF also induces apoptosis in lung cancer cells. Indeed, ppp-VEGF exerted significant antitumor activity in NSCLCs, which was evidenced by the decreased cell viability ( Figure 4A ), and increased annexin V positive cells ( Figure 4B ). It has been reported that RIG-I activation can stimulate the mitochondrial apoptotic pathway in a BH3-only protein NOXAdependent pathway in melanoma cells [18] . In agreement with this, we found that ppp-siRNAs also triggered NOXA upregulation in lung cancer cells ( Figure 4C ). Taken together, these results suggest that lung cancer cells are sensitive to ppp-VEGF induced apoptosis.
ppp-VEGF exerted potent antitumor efficacy in tumor-bearing mice
Finally, we evaluated the therapeutic efficacy of ppp-VEGF in vivo. We found that ppp-Control and ppp-VEGF significantly inhibited tumor growth ( Figure 5A ) by triggering massive tumor cell death ( Figure 5B ). Interestingly, we found that average necrotic area in ppp-VEGF treated tumors was significantly higher than that treated with ppp-control ( Figure 5B ), indicating that inhibition of tumor vascularization also contributed to antitumor effect. No obvious toxicity was observed in ppp-VEGF and other experimental groups. Taken together, these results indicate that ppp-VEGF possesses potent antitumor activity.
DISCUSSION
Neovascularization, immune escape and cell death resistance are key hallmarks of cancer [2] . Endeavors have been made to overcome these in cancer therapy. In this study, we showed that a single molecule ppp-VEGF, exerted three distinct antitumor activities, angiogenic inhibition, immune activation and cell death induction, which led to enhanced antitumor efficacy in NSCLC.
Angiogenesis is a complex process that is essential for cancer progression. VEGF is one of the most potent mediators in promoting tumor angiogenesis. Elevated VEGF level is correlated with a worse prognosis in patients with lung cancer [21] . It has been demonstrated that selective inhibition of VEGF binding to VEGFR2 with a fully humanized monoclonal antibody leads to reduced tumor angiogenesis [22] . To update, most of the anti-angiogenic agents cannot be used alone and have to be combined with other therapeutics, such as chemotherapy, targeted therapy [23] . Furthermore, it has been reported that anti-angiogenic therapy transiently normalizes abnormal tumor vasculature, it also reduces in parallel both perfusion and net influx rate of docetaxel into tumor burdens [24] . It raises the debate that anti-angiogenic therapy in combination with chemotherapy might not be an optimal strategy for lung cancer treatment. In this study, the single molecule ppp-VEGF coordinately inhibited the VEGF-mediated tumor angiogenesis, activated the RIG- I-mediated immune responses and induced tumor cell apoptosis, which cleverly circumvented the disadvantages of single VEGF targeting or the combination. Moreover, we found that ppp-VEGF not only sufficiently reduced VEGF production and secretion in lung cancer cells, but also directly disrupted migration and tubular formation of endothelial cells, which plays central role in angiogenesis. This makes ppp-VEGF extremely attractive as a candidate for anti-angiogenic cancer therapy.
Our previous study has shown that ppp-RNA effectively induces type I IFNs production in tumor cells and thus activates antitumor immunity in vivo [16] . In line, we also confirmed that ppp-VEGF massively induced type I IFN production, and upregulated MHC-I expression in lung cancer cells. It has been reported that blocking VEGF activity in solid tumors extends beyond inhibition of angiogenesis. For instance, anti-VEGF therapy may modulate immune cell infiltration, as well as the intratumoral and serum cytokine levels in preclinical models of breast cancer [25] , suggesting that anti-VEGF therapies might function as modulators of antitumor immunity. Thus, we postulate that ppp-VEGF may be a promising inducer of antitumor immunity by combining RIG-I activation to VEGF silencing.
In agreement with previous studies, ppp-VEGF also effectively triggered tumor cell death. Since RIG-I activation can stimulate the mitochondrial apoptotic pathway in a BH3-only protein NOXA-dependent but p53-independent manner [18] , it is reasonable that ppp-RNA may also work well against cancer cells with p53 mutations, including NSCLC [26] . Interestingly, we found that tumor volumes in mice treated with ppp-VEGF were comparable to that treated with ppp-control, however, the average necrotic area within tumor mass obtained from ppp-VEGF-treated mice was significantly increased. The plausible explanation for this observation is that ppp-VEGF induced massive liquefactive necrosis within tumor burdens and thus, tumor volumes might not exhibit significant reduction. The increased necrosis could be due to the orchestrated effect of apoptosis triggered by ppp-RNA, and insufficient blood supply induced by VEGFtargeting.
Another critical issue is the tumor microenvironment involving pro-and anti-angiogenic pathways. For instance, the reduced infiltration of tumors with cancerassociated fibroblasts was correlated with the efficacy of VEGF-targeting drugs [27] . The cross-talk between TGF-β and VEGF signaling pathways was involved in complex pro-and anti-angiogenesis in glioblastoma [28] . The complex in vivo microenvironment should be taken into consideration before clinical translation of ppp-VEGF.
In conclusion, ppp-VEGF combines antiangiogenesis, immune activation and cell death induction in a single molecule, which can be further developed to a potent therapeutic antitumor drug against lung cancer. This molecule might be also suitable for other types of cancer.
MATERIALS AND METHODS
Cell lines
Human lung adenocarcinoma cell lines A549, H1299, and murine lung cancer cell line LLC were used in this research. Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 5% fetal bovine serum (FBS) (Gibco), 2 mM L-glutamine and 100 U/l penicillin and 0.1 mg/ml streptomycin (all from Invitrogen). Human endothelial cell line ECV304 cells were grown in RPMI-1640 (Gibco) medium containing 10% FBS, 100 μg/ ml penicillin/streptomycin. And all cell lines were incubated in a humidified incubator with 5% CO 2 at 37°C.
siRNA and ppp-siRNA
The siRNA against both human and murine VEGF (OH-VEGF) was constructed according to a previous study containing a two deoxythymidine overhang at the 3′ end [29] . The sequences were: forward 5′-AUGUGAAUGCAGACCAAAGAA-3′ and reverse 5′-UUCUUUGGUCUGCAUUCACAU-3′. The sequences of nonspecific siRNA (OH-control) were: forward 5′-UUCUCCGAACGUGUCACGU-3′ and reverse 5′-ACGUGACACGUUCGGAGAA-3′. These siRNAs were synthesized by Invitrogen (China). The matching 5′-triphosphate-modified siRNA was transcribed using the correlating DNA template that contained the T7 RNA polymerase promoter sequence. In vitro transcription and purification of ppp-RNA was done using the Megashort SkriptTM T7 Kit (ABI, AM1354) according to the manufacturer's instruction. SiRNAs targeting RIG-I and MAVS were also purchased from Invitrogen (China). The sequences were as follows. RIG-I (HSS177513): forward 5′-AUCACGGAUUAGCGACAAA-3′ and reverse 5′-UUUGUCGCUAAUCCGUGAU-3′, MAVS (HSS148538): forward 5′-UCGCAACUCUACUU CUGCCGCUAUU-3′ and reverse 5′-AAUAGCGGCA GAAGUAGAGUUGCGA-3′. 
siRNA transfection
mRNA extraction and qRT-PCR
Total RNA was extracted from cells using the TRIzol reagent (Invitrogen, USA, 15596-026) following the manufacturer's recommendations. RNA was reverse transcribed (TaKaRa, Shiga, Japan, DRR036A). qPCR was performed using the Real-Time PCR system (ABI 7300, Advanced Biosystems, Foster, CA). Gene expression was calculated with the comparative Ct method and normalized to the endogenous levels of GAPDH or β-actin. Primer sequences used for qRT-PCR are as follows: Human GAPDH, forward 5′-CCATGTTCGTCATGGGTGTGAAC-3′ and reverse 5′-GCCAGTAGAGGCAGGGATGATGTTC-3′. Murine β-actin, forward 5′-AACAGTCCGCCTAGAAGCAC-3′ and reverse 5′-CGTTGACATCCGTAAAGACC-3′. Human VEGF, forward 5′-GCACCCATGGCAG AAGGAGG-3′ and reverse 5′-CCTTGGTGAGGTTT GATCCGCATA-3′. Murine VEGF, forward 5′-GGA CCCTGGCTTTACTGC-3′ and reverse 5′-CGGGCTT GGCGATTTAG-3′. Human IP-10, forward 5′-CTTCCAA GGATGGACCACACA-3′ and reverse 5′-CCTTCCTA CAGGAGTAGTAGCAG-3′. Human IFN-β, forward 5′-CTTGGATTCCTACAAAGAAGC-3′ and reverse 5′-CATCTCATAGATGGTCAATGC-3′.
ELISA
Cytokine levels in cell culture supernatant were quantified by ELISA for IP-10 (eBiosciences, BMS284), IFN-β (PBL Interferon source, 41410-1A), and VEGF (Human; eBiosciences, BMS277; Mouse; eBiosciences, BMS619). All assays were duplicated and performed according to the manufacturer's instruction.
Cell viability assay
The cell viability of lung cancer cells was detected using the MTT assay (Sigma) in 96-well plates at a cell density of 3 × 10 3 per well. In the late period of incubation, 20 μl of a stock solution of MTT was added to each well for 3 h. Then cells were lysed with dimethyl sulfoxide and quantified at OD570 using an ELISA reader.
Flow cytometry
MHC-I expression on human or murine lung cancer cells was determined using anti-human HLA-ABC-FITC (eBioscience, San Diego, CA, 11-9983) or anti-mouse H-2K b -FITC (eBiosciences, 11-5958) antibody for 30 min at 4°C. Cells were then washed twice with phosphate buffered saline (PBS) and subjected to flow cytometry (Becton, Dickinson and Company, Franklin Lakes, NJ). The mouse IgG2a Kappa isotype control FITC antibody (eBioscience, 11-4724) was used as control.
Apoptotic cell death was determined by staining with Annexin V/propidium iodide (PI) (Invitrogen, V13241). Cells were harvested and washed once with PBS, then resuspended in 100 μl binding buffer followed by incubation with 2.5 μl Annexin V per test for 20 min. Then, 1 μl PI per test was added and stained cells were subjected to flow cytometry.
Western blot
Cells were homogenized in cell lysis buffer (Beyotime), and protein concentration was determined using a BCA kit (Beyotime). Equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto a polyvinylidene fluoride (PVDF) membrane (Roche, 03010040001). After blocking with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween-20, the membrane was incubated with specific primary antibodies. Then the membrane was incubated with appropriate HRP-conjugated secondary antibodies. Signals were monitored by an enhanced chemiluminescence reagent (Millipore, WBKLS0500) and subjected to Alpha Innotech Flour Chem-FC2 imaging system (Alpha Innotech). The antibodies used in this study are as follows: VEGF (abcam, ab46154), RIG-I (Cell signaling technology, 3743), MAVS (abcam, ab31334), NOXA (abcam, ab13654), GAPDH (Bioworld Technology, MB001), β-actin (Cell signaling technology, 4967).
In vitro tubule formation assay 5 × 10 4 ECV304 cells were seeded in onto Matrigel coated 24-well plates and then treated with various siRNAs. Tubule-like structures were monitored under upright microscope. Total tube length was measured only for the tubular structures connecting 2 cell clusters in highpower field. The number of branching points was used as another parameter to quantify tube formation.
Scratch assay
ECV304 cells were seed in 6-well tissue culture plates (2 × 10 5 cells per well). 24 hours later, scratches were made with a 200 μl sterile pipette tip. The cells were washed with PBS three times, and then transfected with siRNAs. The distance between wound boundaries was monitored and photographed with an inverted phasecontrast microscope, and then calculated at 0, 8, and 24 h after scratches. The migration rate was defined as (distance at 0 h -distance at 24 h) / distance at 0 h.
Mice, tumor engraftment and therapy
6-8 week-old male C57BL/6 mice were obtained from Model Animal Research Center, Nanjing University, China. Mice were injected subcutaneously with 2 × 10 6 LLC cells in the right flanks. When tumor size reached to about 0.5 cm in diameter, mice were then randomized to 4 groups (5 mice per group) followed by intratumoral injection of siRNAs (20 μg each injection). The mice received injections twice a week for two weeks. Tumors were measured and tumor volume was calculated as length × width 2 /2. Mice exhibiting moribund behavior were euthanized. All animal work was approved by the Animal Care Committee of Nanjing University in accordance with Institutional Animal Care and Use Committee guidelines.
Immunohistochemical (IHC) staining
All tumor samples were fixed in 10% formalin, embedded in paraffin and cut to 5 μm-thick sections. The sections were deparaffinized and rehydrated. Slides were either stained by hemoatoxylin and eosin (H&E) for histological analysis and evaluation of average percentage of necrotic area within tumors, or manipulated for antigen retrieve before incubated with anti-mouse CD31 antibody (Abcam, ab28364). Peroxidase-conjugated secondary antibody was used to detect CD31. The CD31 positive stained vessels were counted. The mean number of vessels was defined as micro blood vessel density (MVD) [30] .
Statistical analysis
Significant differences were analyzed using twotailed Student's t-test. Multiple comparisons were analyzed by on-way-ANOVA followed by Bonferroni posttest. All data were presented as mean ± standard error of the mean. Statistical analysis was performed using GraphPad Prism5 software and p-values less than 0.05 were considered significant.
